Abstract Much current research is focused on biologic enhancement of the tendon repair process. To evaluate the different methods, which include a variety of gene therapy and tissue engineering techniques, histological and biomechanical testing is often employed. Both modalities offer information on the progress and quality of repair; however, they have been historically considered as two separate entities. Histological evaluation is a less costly undertaking; however, there is no validated scoring scale to compare the results of different studies or even the results within a given study. Biomechanical testing can provide validated outcome measures; however, it is associated with increased cost and is more labor intensive. We hypothesized that a properly developed, objective histological scoring system would provide a validated outcome measure to compare histological results and correlate with biomechanics. In an Achilles tendon model, we have developed a histological scoring scale to assess tendon repair. The system grades collagen orientation, angiogenesis, and cartilage induction. In this study, histology scores were plotted against biomechanical testing results of healing tendons which indicated that a strong linear correlation exists between the histological properties of repaired tendons and their biomechanical characteristics. Concordantly, this study provides a pragmatic and financially feasible means of evaluating repair while accounting for both the histology and biomechanical properties observed in surgically repaired, healing tendon.
Introduction
There are four histologic stages of tendon healing, as described by Woo et al. [22] . During the first few hours following disruption of a tendon, a hemorrhagic phase ensues. A blood clot fills the gap, releasing cytokines that attract polymorphonuclear leukocytes and lymphocytes. An inflammatory phase then occurs at 24-48 h, marked by the arrival of macrophages. These cells phagocytose necrotic tissue and secrete growth factors, inducing neovascularization and the formation of granulation tissue. In the third phase, which occurs within the first week, fibroblasts arrive and begin producing collagen and matrix proteins. During the final phase, remodeling and maturation occur. There is a gradual decrease in the cellularity of the healed tissue, and the matrix becomes denser and longitudinally oriented. It is during this stage that collagen turnover, water content, and the ratio of collagen types I to III begin to approach normal levels, with type I collagen predominating. Maturation continues for many months, with a return to normal collagen concentration by 12 to 14 weeks.
Enhancement of the surgical repair of tendon tears through biological mechanisms, which directly influence the described histological phases of healing, is at the forefront of tendon repair literature. The only way to make certain that these biological methods are of value is through validated outcome measures. At this point, only biomechanical outcomes are validated via direct readings from tensile testing systems [1, 3, 9] . There are several, objective grading systems for looking at cartilage repair that include the Pineda scale [14, 15] , the International Cartilage Repair Society cartilage repair assessment score [13] , the O'Driscoll scale [14] , and the Oswestry Arthroscopy Score [19] . However, there are no detailed, objective scoring systems that grade the success of tendon repair. Soslowsky et al. developed a subjective scale that looked at broad components of tendinosis [20] . However, this method has never been validated through biomechanical testing.
The development of a validated histological scoring system would be extremely beneficial. It would act as another reference point to comment on outcome studies and to compare various repair techniques. Additionally, animal studies are quite expensive. If there existed a histological scoring system that correlated well with biomechanical outcomes, it could justifiably be used in place of biomechanical testing, especially in studies that are financially burdensome. It was our purpose to design a validated histological scoring system sensitive enough to detect subtle differences in tendon composition that would correlate with the altered biomechanical properties.
In this report, we describe a novel histological scoring system that evaluates several different parameters of the tendon-tendon healing process. We hypothesized that the scoring system would strongly correlate with results of biomechanical testing, allowing us to formulate a Grande Histological Biomechanical Correlation Score (GHBCS), which we predict would equate a specific biomechanical score with a histological grade, ultimately achieving a score representative of a percentage of the nonruptured tendon's biomechanical strength. We suggest that this score will provide researchers with another way to evaluate and compare outcomes of tendon healing studies.
Materials and Methods
The Institutional Animal Care and Use Committee approved the use of 96 male Sprague-Dawley rats weighing approximately 400 g for this study. The surgical procedure was performed under aseptic conditions. Midsubstance tenotomy was performed via scalpel transection. The Mason-Allen stitch technique, using the sutures coated with Recombinant Human Growth and Differentiation Factor 5 (rhGDF-5), was used to repair Achilles tendons. An average of 2.9 cm of suture was incorporated into each repair. Unoperated, contralateral tendons were used for biomechanical testing. Previous studies have shown that rhGDF-5 plays a well-documented role in the formation and healing process of tendons [5] [6] [7] [8] 17] . We used the biomechanical and histologic data generated from two of these previous studies to develop the grading scale which was the aim of this project [7, 8] .
The 96 rats were randomized into a 3-week time protocol (n=48) and a 6-week time protocol (n=48). The rats within each time protocol were randomly assigned to one of the four growth-factor-coated suture groups consisting of 0, 24, 55, and 556 ng/cm of rhGDF-5 (n=12 in each suture group). Histology was evaluated in four rats within each group and biomechanics in eight rats. The personnel involved in this study were blinded to these assignments.
The animals were euthanized at either 3 or 6 weeks postoperatively. Histological sections were obtained from both the right and left limbs of the four rats killed for histology from each suture group. Each sample yielded ten slides with three specimens per slide and was stained with hematoxylin and eosin (H&E). Grading was performed using our novel histological scoring system evaluating three components: collagen grade, degree of angiogenesis, and cartilage induction. Collagen orientation and cartilage induction were graded on a scale of 0-3, and angiogenesis was graded on a scale of 0-2, with lower scores correlating to better histological results. The scoring delineation was as follows:
Collagen grade 0 normal collagen oriented tangentially 1 mild changes with collagen fibers less than 25% disorganized 2 moderate changes with collagen fibers between 25% and 50% disorganized 3 marked changes with collagen more than 50% disorganized Degree of angiogenesis 0 moderate infiltration of tissue with arterioles 1 presence of capillaries 2 no vasculature infiltration Cartilage formation 0 no cartilage formation 1 isolated hyaline cartilage nodules 2 moderate cartilage formation of 25% to 50% 3 extensive cartilage formation, more than 50% of the field involved Assessment of each slide was performed by three independent, blinded observers (JD, DG, LW), reducing the potential for bias. All grades were assigned based on the visual field. Each specimen was graded based on a minimum of ten sections. The area that was used for grading was localized by the area between suture placements and was in the region where the transection was made. The total area used for observation and grading was typically 3 mm 2 . Magnification for grading was done at ×100 and ×200 using sections stained with H&E and Masson trichrome. Collagen orientation was also assessed using sections stained with Sirius red and observed under polarized light. Each specimen was assigned an average grade per variable, which was then totaled to provide an overall histological score for each rat. The total scores ranged from 0 to 8, with lower scores indicative of optimal ultimate tensile strength. The scores between treatment groups were then compared.
Mechanical behavior was tested on eight rats per treatment group using the tensile testing grips of an EnduraTec ELF 2100 (Bose Corp, Minnetonka, MN). Power studies confirmed that a sample size of eight would achieve a confidence level of 0.05 between the four groups [6] . In other words, through power analysis it was determined that a sample size of eight subjects per group yielded an 80% power to detect hypothesis differences at the 0.05 level using a two-tailed test. The dissected rat hind limbs were frozen at −80°C. At each time point, samples were thawed to 4°C and were pulled in uniaxial tension to the point of failure. A displacement rate of 0.025 mm/s was used in a closed-loop control, and the resulting load was documented to an accuracy of 0.005 N at a sampling rate of 2 Hz [8] . Time-independent load-displacement curves were created from temporal data on load and displacement. Ultimate tensile strength (maximum load supported by the sample normalized to the cross-sectional area) was calculated for each sample. Calculations of cross-sectional area were determined from measurements of the length of the major and minor axes of the tendon. Two-way ANOVA tests were performed to evaluate the effectiveness of treatment.
The coefficients of determination (R 2 ) were determined through a Microsoft® Excel scatter plot analysis. This value was calculated as the square of the correlation coefficient. Biomechanical results from the experimental and control groups were compared, with the control tendon being the contralateral, unoperated tendon. Considering that the control tendon should exhibit optimal ultimate tensile load (UTL), we calculated a percentage of optimal UTL biomechanics using the experimental, surgically repaired groups. Histology scores were graphed against the UTL function for each treatment protocol, and the coefficients of determination (R 2 ) were determined. Each UTL value that was plotted as a y-coordinate in Fig. 2 correlated with a percentage of optimal UTL for a given rhGDF-5 coated suture (Fig. 1) . We also attempted to correlate the UTL data with each individual histology parameter.
Additionally, we determined histological intervals at which different biomechanical scores were evident based on the strong relationship between the variables. This determined the correlation score which we designate the Grande Histological Biomechanical Correlation Score. It equates a specific biomechanical score with a histological grade, ultimately achieving a score representative of a percentage of the nonruptured tendon's ultimate tensile strength ( Table 2) .
Results
Sutures treated with both the low-dose (24 ng/cm) and highdose (556 ng/cm) GDF-5 exhibited improvements in collagen orientation at postoperative week3 as compared to controls. At 6 weeks, regardless of treatment, results were similar [8] . Isolated hyaline cartilage was found under all suture protocols in tendons at week 3. An increased presence of de novo cartilage formation was observed at 6 weeks postoperatively. Most of this chondrogenesis occurred in regions associated with suture placement. Neovascularization was greater in treated tendons than in the controls (Table 1) . Ultimate tensile load data indicated that repaired tendons were weaker than the contralateral, unoperated tendons (P < .001). However, there was a significant difference between the UTL of the growth factor treated sutures and the control group (P <.01). The experimental tendons were more similar to the unoperated tendons, although there was still a significant difference between them (P<.02). The UTL biomechanics of the 3-week tendons were half that of the 6-week samples. The experimental groups consistently received better histology grades and ultimate tensile load measurements than the control group
The results from each suture protocol demonstrated that there was a direct relationship between reparative histology (low histology scores) and the ratio of ultimate tensile strength of the experimental groups over the controls (Fig. 2) . Histological scores greater than 2.2 correlate with ultimate tensile loads less than 30% of that of an unoperated control. Scores below 1.6 are associated with ultimate tensile loads greater than 50% of that of an unoperated control and indicate a threshold for optimal repair conditions (Table 2) . At histological scores greater than 2.2, disorganized collagen is observed in sections, little to no angiogenesis has occurred, and moderate to extensive cartilage formation is present. Collectively, these characteristics correlate to poor UTL biomechanics of less than 30% (Fig. 2) . At histological scores of less than 1.6, normal collagen that is oriented tangentially is observed, a moderate infiltration of new vessels has occurred, and little to no chondrogenesis is present. Such characteristics are indicative of tendon with a greater biomechanical strength. This tendon possesses a biomechanical strength of greater than 50% of that of unoperated controls. The coefficient of determination of 0.91 seen in Fig. 2 is illustrative of the strong correlation between the histological properties and the biomechanical characteristics of the healing tendon (Figs. 2, 3, 4, 5, 6, and 7) . Additionally, the specific correlation coefficients obtained for collagen orientation, angiogenesis, and cartilage induction as compared to ultimate tensile strength were 0.59, 0.013, and 0.89, respectively (Table 3) . 
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Discussion
Through the use of a rat Achilles tendon model, we attempted to develop a means of quantifying postoperative biomechanical strength via analysis of histological cross sections. This has been accomplished via the creation of the Grande Histological Biomechanical Correlation Score. While the experimental tendons experienced enhanced tendon healing in the 3-week study, data between the control and experimental groups in the 6-week groups were indistinguishable [8] . Despite the differences between the 3-and 6-week studies, data from all rats were applicable to the development of the GHBCS. In our previous report, the 6-week experimental and control groups had similar histological properties, and they had a similar correlation between their biomechanical properties. These data served to confirm what had been determined in the 3-week evaluation. That is, there is a strong connection between histology and biomechanics. Furthermore, this system will become increasingly useful as more biologic studies are performed in animal models. The histological grading scale was in part developed with the goal of reducing subjectivity that has existed in previous grading systems, yet the subjectivity has not been completely eliminated. However, we were successful in showing a correlation between histology and biomechanics using the results of three independent observers. A PhD research scientist specializing in cartilage biology, an orthopedic surgeon, and a medical student participated in the histological evaluation. All of these individuals had a background in histology to ensure proper application of the scale and to maximize its implementation objectively. This method yielded the best correlation between histology and biomechanics. One of the benefits of showing the correlation between histology and biomechanics is that the researcher can achieve a reliable estimation of biomechanical performance without having to follow through with the costly endeavor. It is for this reason that we recommend that three observers grade the histological sections.
We chose to evaluate the relationship between histology and UTL via determination of the coefficient of determination (R 2 ). This value is a statistical measure of how well a regression line approximates real data points so that an R 2 value of 1.0 implies that the regression line perfectly fits the data. The coefficient of determination, like all statistical analyses investigating correlation, must be used cautiously. Correlation does not provide definitive proof that a relationship exists but helps to support such a notion. In this study, the high correlation observed between UTL and histology grade (R 2 =0.91) does not ensure that whenever one of these two variables changes, the other will also concordantly change. However, it implies that it is very likely to. As previously stated, this must be considered whenever one is attempting to prove a correlation between two variables and does not solely apply to our study.
Many of these processes associated with tendon healing are part of the natural physiologic response to injury and occur regardless of increased concentrations of growth factor. Some may argue that a score of 2.376 (control suture group) on the histology scale should not be indicative of a poor biomechanical rating, considering that 8 is the worst possible grade. However, when considering the body's intrinsic ability to heal along with the data obtained from the 24 control subjects, the possibility of obtaining scores significantly above 2.376 seems unlikely.
We determined correlation coefficients between ultimate tensile load and the individual histological properties. When comparing collagen with UTL, the coefficient of determination of 0.59 suggested that grading of collagen histology alone was insufficient to determine UTL. In other words, the collagen characteristics observed did not strongly correlate with the UTL. Studies have stated that disorganized collagen fibrils are indicative of poorly healed tendon and contribute to poor biomechanics [11] . Additionally, it is known that the parallel arrangement of collagen fibers is, in a large part, responsible for its tensile strength [4, 21] . This we do not refute, as such statements properly emphasize the importance of collagen in tendon healing. However, we believe that consideration of collagen characteristics is only one of several criteria necessary for accurate determination of tendon healing as measured by UTL. Thus, we also include angiogenesis and chondrogenesis in our histological study. Fig. 6 . Cartilage induction in a space formerly occupied by a suture. The chondrocytes located within basophilic lacunae. This specimen received a score of 1. More extensive cartilage induction was prevalent in the higher doses of GDF-5 but was also present in the suture-alone specimens. H&E, original magnification ×400 The average histological score for each parameter was determined, as was the average ultimate tensile strength. The higher the coefficient, the greater the correlation between the two variables Vascular infiltration was chosen as the second parameter because an augmented blood supply is needed to facilitate healing in an injured tendon. Injury to a tendon may disrupt the cells lining the tenosynovium and should induce angiogenesis [10] . A deficit in blood bringing nutrients and growth factors to the healing site has negative effects on repair. In fact, the initial healing of a tendon is dependent on blood-derived mesenchymal cells and fibroblasts [12] . Despite this, we did not observe a strong correlation between angiogenesis and UTL (Table 3 ). Similar to collagen formation, this parameter must be looked at in the context of all of the histological properties, in that they too impact tendon healing.
In injured tendons, it has been shown that there is an upregulation of cartilage-inducing genes. Cartilage phenotype has been found in tendons of rat models subjected to overuse protocols that induce tendinopathy [3] . Other studies have shown that the rats are prone to forming cartilage in their Achilles tendon following an insult [16, 18] . For our model, we used the presence of cartilage as an indication of an inferior repair process and poorer biomechanics. Our study confirmed that the presence of cartilage adversely impacts UTL and, subsequently, tendon healing. A strong coefficient of determination (R 2 =0.89) existed between chondrogenesis histology grades and UTL (Table 3) ; the less cartilage formation, the greater the UTL. When considering the correlation of individual histological parameters with the UTL, only cartilage formation had a significant connection. Although these data validate the results of previous studies elucidating the relationship between tendon injury and chondrogenesis, it must be analyzed in the context of collagen formation and angiogenesis as well.
It is only when we correlate the total histological grade, which incorporates scores from each of the three parameters, with UTL, that the strongest coefficient of determination is evident (Fig. 2) . This serves as additional justification for the effectiveness of the scale in that in isolation, no single parameter correlates as well with biomechanics as does the total histological score. Furthermore, previous studies have placed a large emphasis on using collagen as a foundation for grading tendon repair [20] when, in fact, the use of two additional parameters (as described above) provides a better analysis of the state of the healing tendon.
The significance of a scoring system that enables a quantitative evaluation of biomechanical strength as a function of histological properties provides an efficient, thorough and financially attractive means of assessing tendon repair. In this model, we were able to prove that a strong correlation exists between a novel histological scoring scale and biomechanical properties of tendon repair in a rat model.
